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ABSTRACT
HD 3167 is a bright (V=8.9 mag) K0 V star observed by the NASA’s K2 space mission during its
Campaign 8. It has been recently found to host two small transiting planets, namely, HD 3167 b, an
ultra short period (0.96 d) super-Earth, and HD 3167 c, a mini-Neptune on a relatively long-period
orbit (29.85 d). Here we present an intensive radial velocity follow-up of HD 3167 performed with
the FIES@NOT, HARPS@ESO-3.6m, and HARPS-N@TNG spectrographs. We revise the system
parameters and determine radii, masses, and densities of the two transiting planets by combining the
K2 photometry with our spectroscopic data. With a mass of 5.69±0.44 M⊕, radius of 1.574±0.054 R⊕,
and mean density of 8.00+1.10−0.98 g cm
−3, HD 3167 b joins the small group of ultra-short period planets
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known to have a rocky terrestrial composition. HD 3167 c has a mass of 8.33+1.79−1.85 M⊕ and a radius of
2.740+0.106−0.100 R⊕, yielding a mean density of 2.21
+0.56
−0.53 g cm
−3, indicative of a planet with a composition
comprising a solid core surrounded by a thick atmospheric envelope. The rather large pressure scale
height (∼350 km) and the brightness of the host star make HD 3167 c an ideal target for atmospheric
characterization via transmission spectroscopy across a broad range of wavelengths. We found evidence
of additional signals in the radial velocity measurements but the currently available data set does not
allow us to draw any firm conclusion on the origin of the observed variation.
Keywords: stars: fundamental parameters — stars: individual: HD 3167 — planets and satellites:
detection — planets and satellites: individual: HD 3167 b, HD 3167 c
1. INTRODUCTION
Back in 1995 the discovery of 51 Peg b demonstrated
that gas-giant planets (Rp≈ 1RJup) could have orbital
periods of a few days and thus exist quite close to their
host star (Mayor & Queloz 1995). Space-based tran-
sit search missions such as CoRoT (Baglin & Fridlund
2006), Kepler (Borucki et al. 2010), and K2 (Howell et
al. 2014) have established that these close-in planets can
have radii down to Neptune-like (Barraga´n et al. 2016;
David et al. 2016) and even Earth-like values (Queloz et
al. 2009; Howard et al. 2009; Pepe et al. 2013). Close-
in exoplanets have challenged planet formation theories
and play an important role in the architecture of exo-
planetary systems (e.g., Winn & Fabrycky 2015; Hatzes
2016).
Based on the occurrence rate of planets and planet
candidates discovered by Kepler we know that short-
period super-Earths (Rp = 1 - 2R⊕, Mp = 1 - 10M⊕) and
sub-Neptunes (Rp = 2 - 4R⊕, M⊕= 10 - 40M⊕) are ex-
tremely common in our Galaxy. About 26% of solar-like
stars in the Milky Way host small planets (Rp< 4R⊕)
with orbital periods shorter than 100 days (see, e.g.,
Marcy et al. 2014; Burke et al. 2015). These planets are
not represented in our Solar System and were therefore
completely unknown to us until a few years ago.
Although Kepler has provided us with a bonanza of
such small planets, little is known about their masses,
compositions, and internal structures. Mass determina-
tions with a precision that allows us to distinguish be-
tween different internal compositions (better than 20 %)
have been possible only for a few dozen super-Earths
and sub-Neptunes. The small radial velocity (RV) vari-
ation induced by such planets and the faintness of most
Kepler host stars (V > 13 mag) make RV follow-up ob-
servations difficult. These observations either place too
much demand on telescope time, or they are simply un-
feasible with state-of-the-art facilities.
A special class of close-in objects is composed of ex-
oplanets with ultra-short orbital periods (Porb< 1 day;
Sanchis-Ojeda et al. 2014). These planets are the most
favorable cases for transit and RV search programs, as
the transit probability is high (∝P−2/3orb ) and the induced
RV variation is large (∝P−1/3orb ). Very short orbital pe-
riods are also advantageous because they are (often)
much shorter than the rotation period of the star, al-
lowing the correlated noise due to stellar rotation to be
more easily distinguished from the planet-induced RV
signal (Hatzes et al. 2011). To date about 80 ultra-
short period exoplanets have been discovered1, mainly
from transit surveys starting with CoRoT-7b (Le´ger et
al. 2009). Masses, however, have only been determined
for two dozen of these objects. About half of these are
gas-giant planets with masses between 1 and 10MJup.
The rest are small planets in the super-earth regime with
masses between about 5 and 10 M⊕.
Using time-series photometric data from the K2 space
mission, Vanderburg et al. (2016) recently announced
the discovery of two small transiting planets around the
bright (V=8.9 mag) K0 dwarf star HD 3167. The in-
ner planet, HD 3167 b, has a radius of Rp=1.6R⊕ and
transits the host star every 0.96 days. By our defini-
tion, HD 3167 b qualifies as an ultra-short period planet.
The outer planet, HD 3167 c, has a radius of 2.9R⊕ and
an orbital period of 29.85 days. The brightness of the
host star makes the system amenable to follow-up ob-
servations such as high-precision RV measurements for
planetary mass determination.
As part of the ongoing RV follow-up program of K2
transiting planets successfully carried our by our consor-
tium KESPRINT (e.g., Sanchis-Ojeda et al. 2015; Grziwa
et al. 2016; Van Eylen et al. 2016; Barraga´n et al. 2017;
Fridlund et al. 2017; Guenther et al. 2017; Nowak et
al. 2017), we herein present the results of an intensive
RV campaign we conducted with the FIES, HARPS,
and HARPS-N spectrographs to accurately measure the
masses of the two small planets transiting HD 3167. The
paper is organized as follows. In § 2 and § 3 we provide
a short recap of the K2 data and describe our high-
resolution spectroscopic observations. The properties
of the host star are reported in § 4. We present the
data modeling in § 5 along with the frequency analysis
of our radial velocity time-series. Results, discussions,
and summary are given in § 6 and 7.
1 See exoplanets.org and exoplanet.eu; as of May 2017.
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Figure 1. K2 light curve of HD 3167 from Vanderburg et al. (2016).
2. K2 PHOTOMETRY
K2 observed HD 3167 during its Campaign 8 for about
80 days – between January and March 2016 – with an
integration time of about 29.4 minutes (long cadence
mode). For our analysis presented in § 4.3 and 5.3 we
used the light curve extracted following the technique
described in Vanderburg & Johnson (2014)2. We refer
the reader to Vanderburg et al. (2016) for a detailed de-
scription of both the K2 data of HD 3167 and the detec-
tion of the two transiting planets. For the sake of clarity
we reproduce in Fig. 1 the full light curve of HD 3167
presented in Vanderburg et al. (2016).
3. SPECTROSCOPIC FOLLOW-UP
We used the FIbre-fed E´chelle Spectrograph (FIES;
Frandsen & Lindberg 1999; Telting et al. 2014) mounted
at the 2.56m Nordic Optical Telescope (NOT) of Roque
de los Muchachos Observatory (La Palma, Spain) to ac-
quire 37 high-resolution spectra (R≈ 67000) in 12 dif-
ferent nights between July and September 2016. FIES
is mounted inside a heavily insulated building separate
from the dome to isolate the spectrograph from sources
of thermal and mechanical instability. The temperature
inside the building is kept constant within 0.02 ◦C. Ob-
servations of RV standard stars performed by our team
since 2011, have shown that long-exposed ThAr spec-
tra taken immediately before and after short-exposed
target’s observations (Texp≤20 min) allow us to trace
the intra-night RV drift of the instrument to within ∼2-
3 m/s (Gandolfi et al. 2013, 2015), which is comparable
with the internal precision of our FIES RV measure-
ments (Table 5). On the other hand, observations of
standard stars performed in different nights have shown
2 Publicly available at https://www.cfa.harvard.edu/
~avanderb/k2.html.
that the inter-night stability of the instrument is 2 to 4
times worse.
The FIES observations were carried out as part of
the OPTICON and NOT observing programs 16A/055,
P53-016, and P53-203. We set the exposure time to 15 -
20 min and acquired long-exposed (Texp≈ 35 sec) ThAr
spectra immediately before and after the target obser-
vations. We took at least 2 spectra separated by 1-2
hours per night except on one night. The data were re-
duced using standard routines, which include bias sub-
traction, flat fielding, order tracing and extraction, and
wavelength calibration. Radial velocities were derived
via multi-order cross-correlations, using the stellar spec-
trum with the highest S/N ratio as a template3. The
measured RVs are listed in Table 5 along with their 1-σ
internal uncertainties and the signal-to-noise (S/N) ratio
per pixel at 5500 A˚.
We also acquired 50 spectra with the HARPS spec-
trograph (R≈ 115 000; Mayor et al. 2003) and 32
spectra with the HARPS-N spectrograph (R≈ 115000;
Cosentino et al. 2012). HARPS and HARPS-N are fiber-
fed cross-dispersed echelle spectrographs specifically de-
signed to achieve very high-precision long-term RV sta-
bilities (< 1 m s−1). They are mounted at the ESO-
3.6m telescope of La Silla observatory (Chile) and at the
3.58m Telescopio Nazionale Galileo (TNG) of Roque de
los Muchachos Observatory (La Palma, Spain).
The HARPS and HARPS-N observations were per-
formed as part of the ESO observing programs 097.C-
0948 and 098.C-0860, and of the TNG/CAT programs
A33TAC 15 and CAT16B 61. We used the simultaneous
Fabry Perot calibrator and set the exposure times to 15 -
40 minutes depending on sky conditions and scheduling
constraints. We followed the same multi-visit strategy
3 Epoch 2457605.
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Table 1. Spectroscopic parameters of HD 3167 as derived from the FIES (top), HARPS (middle), and HARPS-N (bottom)
data using the three methods described in Sect 4.1.
Method Teff (K) log g? (cgs) [Fe/H] (dex) vmic (km s
−1) vmac (km s−1) v sin i? (km s−1)
FIES
Method 1 5288±75 4.53±0.07 0.02±0.06 0.9±0.1 2.3±0.5 1.9±0.8
Method 2 5270±95 4.56±0.10 0.05±0.05 0.9±0.1 2.3±0.6 1.7±0.6
Method 3 5247±76 4.44±0.19 0.01±0.10 0.7±0.2 – –
HARPS
Method 1 5295±70 4.54±0.05 0.03±0.05 0.9±0.1 2.4±0.5 1.8±0.6
Method 2 5230±80 4.54±0.07 0.05±0.06 0.9±0.1 2.3±0.5 1.7±0.6
Method 3 5257±112 4.41±0.20 0.04±0.08 0.8±0.1 – –
HARPS-N
Method 1 5275±62 4.51±0.05 0.03±0.05 0.9±0.1 2.4±0.5 1.7±0.6
Method 2 5260±70 4.52±0.06 0.04±0.05 0.9±0.1 2.3±0.5 1.8±0.6
Method 3 5247±121 4.40±0.20 0.06±0.09 0.7±0.1 – –
adopted for the FIES observations, i.e., we acquired at
least 2 spectra per night in most of the observing nights.
The data were reduced using the dedicated HARPS and
HARPS-N off-line pipelines and radial velocities were
extracted by cross-correlating the extracted echelle spec-
tra with a G2 numerical mask. We tested also the K0
and the K5 mask but found neither a significant im-
provement of the error bars, nor a significant variation
of the relative amplitude of the detected RV variation.
The HARPS and HARPS-N radial velocity measure-
ments and their uncertainties are also listed in Table 5,
along with the S/N ratio per pixel at 5500 A˚, the full-
width half maximum (FWHM) and bisector span (BIS)
of the cross-correlation function (CCF), and the Ca ii
H & K chromospheric activity index logR′HK. Five out
of the 50 HARPS spectra are affected by poor sky and
seeing conditions. They are not listed in Table 5 and
were not used in our analysis.
4. STELLAR PROPERTIES
4.1. Spectroscopic parameters
We combined separately the FIES, HARPS, and
HARPS-N data to produce three co-added spectra of
higher S/N ratio and determine the spectroscopic pa-
rameters of the host star. The stacked FIES, HARPS,
and HARPS-N spectra have S/N ratios of 500, 560, and
480 per pixel at 5500 A˚, respectively. We derived the
spectroscopic parameters using three independent meth-
ods as described in the next three paragraphs. Results
for each method and spectrum are listed in Table 1.
– Method 1. This uses a customized IDL software
suite that implements the spectral synthesis program
SPECTRUM4 (V2.76; Gray & Corbally 1994) to com-
pute synthetic spectra using ATLAS 9 model atmospheres
(Castelli & Kurucz 2004). The code fits spectral fea-
tures that are sensitive to different photospheric param-
eters, adopting the calibration equations of Bruntt et
al. (2010) and Doyle et al. (2014) to determine the mi-
croturbulent (vmic) and macroturbulent (vmac) veloci-
ties. It uses the wings of the Balmer lines to obtain a
first guess of the effective temperature (Teff), and the
Mg i 5167, 5173, 5184 A˚, the Ca i 6162, 6439 A˚, and the
Na i D lines to refine the effective temperature estimate
and derive the surface gravity (log g?). The iron abun-
dance [Fe/H] and projected rotational velocity v sin i?
are measured by fitting many isolated and unblended
iron lines.
– Method 2. This uses the spectral analysis package
SME (V4.43; Valenti & Piskunov 1996; Valenti & Fischer
2005) along with both ATLAS 12 and MARCS model at-
mospheres (Kurucz 2013; Gustafsson et al. 2008). SME
calculates synthetic spectra and fits them iteratively to
the observed high-resolution echelle spectra using a chi-
squared minimization procedure. Micro and macro tur-
bulent velocities are estimated using the same calibra-
tion equations adopted by the first method. Teff , log g?,
[Fe/H], and v sin i? are derived by fitting the same spec-
tral features as in the previous paragraph.
– Method 3. This is based on the classical equiva-
lent width (EW) technique applied to about 100 Fe i
and 10 Fe ii lines. It uses the public version of the
line list prepared for the Gaia-ESO Survey (Heiter et
4 Publicly available at http://www.appstate.edu/~grayro/
spectrum/spectrum.html.
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al. 2015), which is based on the VALD3 atomic database
(Ryabchikova et al. 2011). Teff is obtained by removing
trends between the abundance of a given element and
the respective excitation potential; log g? is derived by
assuming the ionization equilibrium condition, i.e., by
requiring that for a given species the same abundance
(within the uncertainties) is obtained from lines of two
ionization states (typically neutral and singly ionized
species); vmic and [Fe/H] are estimated by minimizing
the slope of the relationship between abundance and the
logarithm of the reduced EWs. Equivalent widths are
measured using the code DOOp (Cantat-Gaudin et al.
2014), a wrapper of DAOSPEC (Stetson & Pancino 2008).
The photospheric parameters are derived with the code
FAMA (Magrini et al. 2013), a wrapper of MOOG (Sneden
et al. 2012).
The three techniques provide consistent results, re-
gardless of the used spectrum and/or method. While
we have no reason to prefer one method over the
other, we adopted the results of Method 1 applied on
the FIES, HARPS, and HARPS-N spectra. The fi-
nal adopted values for Teff , log g?, [Fe/H], and v sin i?
are the averaged estimates we obtained using the first
method; the corresponding uncertainties are defined as
the square root of the individual errors added in quadra-
ture, divided by three. We obtained Teff = 5286±40 K,
log g? = 4.53±0.03 (cgs), [Fe/H] = 0.03±0.03 dex, and
v sin i? = 1.8±0.4 km s−1 (Table 2). Our results are in
fairly good agreement with the spectroscopic parameters
derived by Vanderburg et al. (2016).
4.2. Stellar mass, radius, and age
We followed the same method adopted by Vander-
burg et al. (2016) and derived the mass, radius, and
age of HD 3167 using PARAM, an on-line interface for
Bayesian estimation of stellar parameters5. Briefly,
PARAM interpolates the apparent visual magnitude, par-
allax, effective temperature and iron abundance onto
PARSEC model isochrones (Bressan et al. 2012), adopt-
ing the initial mass function from Chabrier (2001). We
used our spectroscopic parameters (§ 4.1) along with
the V-band magnitude listed in the EPIC input catalog
(V = 8.941± 0.015 mag) and the Hipparcos’ parallax
(21.82± 1.05 mas, van Leeuwen 2007)6. Following the
method outlined in Gandolfi et al. (2008) and using the
broad-band photometry available in the EPIC input cat-
alog, we found that the interstellar reddening is indeed
consistent with zero (Av = 0.02± 0.03 mag), as expected
given the short distance to the star (45.8± 2.2 pc). We
5 Available at http://stev.oapd.inaf.it/cgi-bin/param.
6 Gaia’s first data release does not report the parallax of
HD 3167.
set the interstellar absorption to zero and did not correct
the apparent visual magnitude.
HD 3167 has a mass of M? = 0.877± 0.024 M and a
radius R? = 0.835± 0.026 R, implying a surface grav-
ity of log g? = 4.51± 0.03 (cgs), in agreement with the
spectroscopically derived value (§ 4.1). The isochrones
constrain the age of the star to be 5± 4 Gyr.
4.3. Stellar activity and rotation period
The average Ca ii H & K activity index logR′HK, as
measured from the HARPS and HARPS-N spectra,
is −5.03± 0.01 and −5.06± 0.02 dex, respectively, in-
dicative of a low chromospheric activity level7. We
checked if the extrinsic absorption, either from the in-
terstellar medium (ISM) or from material local to the
system, biases the measured values of logR′HK (Fos-
sati et al. 2013, 2015). The far-ultraviolet (FUV) stel-
lar emission, which originates in the chromosphere and
transition region, provides instead an unbiased measure
of the stellar activity (Fossati et al. 2015). We mea-
sured the excess of the chromospheric FUV emission
– directly proportional to stellar activity – by estimat-
ing the difference between the measured GALEX FUV
flux and the photospheric flux derived from a MARCS
model with the same photospheric parameters as the
star (Gustafsson et al. 2008) rescaled to fit the observed
optical (Johnson and Tycho) and infrared (2MASS and
WISE) photometry of HD 3167. The fit accounts for the
interstellar extinction reported in § 4.2. We obtained
an excess emission in the GALEX FUV band of about
260 erg cm−2 s−1, indicative of a low level of stellar activ-
ity (Shkolnik et al. 2014), in agreement with the logR′HK
value. This provides evidence that the Ca ii activity in-
dex logR′HK is very likely not biased by extrinsic ab-
sorption.
The light curve of HD 3167 displays a 0.08 % flux drop
occurring during the first half of the K2 observations
and lasting for about 35-40 days (Fig. 1). If the vari-
ation were due to an active region moving in and out
of sight as the star rotates around its axis, then the
rotation period of the star should be at least twice as
long, i.e., 70-80 days. Such a long rotation period seems
to be unlikely for a K-type dwarf and is inconsistent
with our v sin i? measurement and stellar radius deter-
mination (see below). Figure 2 shows the distribution
of the rotation period of 3591 late G- and early K-type
dwarfs as measured by McQuillan et al. (2014) using
Kepler light curves. We selected only Kepler stars with
photospheric parameters similar to those of HD 3167,
i.e., objects with 5170≤Teff ≤ 5370 K and log g?≥ 4.40
7 As comparison, the activity index of the Sun varies between
−5.0 and −4.8 dex.
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Figure 2. Rotation period distribution of Kepler field stars
with 5170≤Teff ≤ 5370 K and log g?≥ 4.3 (cgs), as extracted
from the work of McQuillan et al. (2014).
(cgs). None of the “HD 3167’s Kepler twins” has a ro-
tation period longer than 70 days. Moreover, only 9
objects have a rotational period exceeding 50 days. As
both the K2 light curves of HD 3167 – as extracted by
Luger et al. (2016) and Aigrain et al. (2016) – display
the same feature, we conclude that the observed 0.08 %
flux drop is very likely an instrumental artifact caused
by the spacecraft pointing jitter.
Figure 3 shows the Lomb-Scargle (LS) periodogram
(Lomb 1976; Scargle 1982) of the K2 light curve of
HD 3167 following the subtraction of the best fitting
transit models of planet b and c (§ 5). Besides a very
strong peak at ∼75 days due to the flux drop described
in the previous paragraph, there are 2 additional sig-
nificant peaks at 14 and 23.5 days with a Scargle’s false
alarm probability (FAP) lower than 0.1 %. Since the pe-
riod ratio is close to 0.5, we interpreted the former as the
first harmonic of the latter. With an amplitude of about
0.04 %, the 23.5-day signal is clearly visible in the first
half of the K2 time series data, whereas is barely visible
in the second half of the photometric data (Fig. 1). As
a sanity check, we split the light curve into two chunks
of ∼40 days and calculated the LS periodogram of each
chunk. The 23.5-day signal is detected also in the sec-
ond half of the light curve but with a lower significance.
This is likely due to the 80 % higher noise level of the
second half of the K2 data with respect to the first half,
as pointed out by Vanderburg et al. (2016).
We interpreted the 23.5-day signal as the rotation pe-
riod of the star and attributed the peak at 14 days to the
presence of active regions located at opposite stellar lon-
gitudes. We measured a rotation period and uncertainty
of Prot = 23.52± 2.87 days defined as the position and
full width at half maximum of the corresponding peak
in the LS periodogram. If the rotation period of the
star were instead 14 days, the magnetic activity of the
star would very likely be stronger than what measured
from the logR′HK activity index (Sua´rez Mascaren˜o et
Figure 3. Lomb-Scargle periodogram of the K2 light curve
of HD 3167. The horizontal dashed line marks the 0.1% FAP
as defined in Scargle (1982).
Table 2. Stellar parameters.
Parameter Value
Effective Temperature Teff (K) 5286± 40
Surface gravity(a) log g?(cgs) 4.53± 0.03
Surface gravity(b) log g?(cgs) 4.51± 0.03
Iron abundance [Fe/H] (dex) 0.03± 0.03
Projected rot. velocity v sin i?(km s
−1) 1.8± 0.4
Interstellar extinction Av (mag) 0.02± 0.03
Stellar mass M? (M) 0.877± 0.024
Stellar mass R? (M) 0.835± 0.026
Age (Gyr) 5± 4
Rotation period Prot (day) 23.52± 2.87
Distance(c) (pc) 45.8± 2.2
aFrom spectroscopy.
bFrom spectroscopy and isochrones.
c Hipparcos’ distance from van Leeuwen (2007).
al. 2015). It is also worth noting that the distribution
of the rotational periods of HD 3167’s Kepler twins is
peaked between 20 and 25 days (Fig. 2).
The spectroscopically derived projected rotational ve-
locity of the star v sin i? = 1.8± 0.4 km s−1, combined
with the stellar radius R? = 0.835 ± 0.026 R, implies
an upper limit on the rotation period of 23.5± 5.3 days,
in agreement with the period derived from the K2 light
curve, further corroborating our results. This also sug-
gests that the star is seen nearly equator-on and that the
transiting multi-planet system around HD 3167 might be
aligned along the line-of-sight.
5. DATA ANALYSIS
5.1. Periodogram analysis of the radial velocities
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We first performed a frequency analysis of the RV
measurements in order to look for possible periodic sig-
nals in the data and assess if, in the absence of the K2
transit photometry, we would have been able to detect
the presence of HD 3167 b and c. For this purpose we
used only the HARPS and HARPS-N measurements be-
cause of the higher quality and superb long-term stabil-
ity of the two instruments.
We first analyzed the two data sets separately to ac-
count for the velocity offset between the two spectro-
graphs. Although HARPS and HARPS-N are very simi-
lar, a small offset (<10 m s−1) is expected given, e.g., the
different detector, optics, wavelength coverage of the two
instruments. The generalized Lomb-Scargle (GLS; Zech-
meister & Ku¨rster 2009) periodograms of the HARPS
and HARPS-N RVs show a significant peak at the or-
bital period of HD 3167 b, with a false alarm probability8
(FAP) of about 10−5 and 10−7, respectively (top and
middle panel of Figure 4). We conclude that the signal
of the inner planet HD 3167 b is clearly present in both
data sets. The GLS periodogram of the HARPS data
displays a significant peak at ∼32 days (FAP=10−4),
which is close to the orbital period of HD 3167 c (29.85
days). However, the outer transiting planet remains un-
detected in the HARPS-N data, owing to the uneven
sampling of the orbital phase of the outer transiting
planet with this instrument (Fig. 9).
On three occasions9 we observed HD 3167 nearly si-
multaneously (within 10 minutes) with HARPS and
HARPS-N. We used these measurements to measure the
offsets of the RV, FWHM, BIS and logR′HK between the
two data sets and calculate the periodograms of the com-
bined data. We found ∆ RV(HS−HN) = 8.0± 0.5 m s−1,
∆ FWHM(HS−HN) = 0.068±0.006 km s−1, ∆ BIS(HS−HN)
= 0.009± 0.003 km s−1, and ∆ logR′HK (HS−HN) =
−0.030 ± 0.005. We stress that these offsets have only
been used to perform the periodogram analysis of the
joint data.
As expected, the GLS periodogram of the joint data
set (bottom panel of Fig. 4) shows a very significant
peak at the orbital period of the inner planet HD 3167 b
(FAP=10−10) and a moderately significant peak at the
orbital period of HD 3167 c.
It’s worth noting that the three periodograms show
also the presence of a significant peak at 23.8 days
(0.042 c/d), which is close to the rotation period of the
star. We stress, however, that this peak corresponds to
8 The FAPs reported in this subsection have been calculated
using Eq. 24 of Zechmeister & Ku¨rster (2009) and should be re-
garded as preliminary estimates. Deriving reliable FAPs through
a bootstrap analysis – as presented in § 5.4 – goes beyond the
scope of this subsection.
9 Epochs 2457611, 2457646, and 2457692.
Figure 4. GLS periodograms of the HARPS (top panel),
HARPS-N (middle panel), and HARPS+HARPS-N (bottom
panel) RV measurements. The vertical dashed lines mark the
orbital periods of HD 3167 b (0.96 d) and HD 3167 c (29.85 d).
the 1-day alias of the orbital period of HD 3167 b. The
periodogram of the RV residuals – as obtained following
the subtraction of the signals of the two planets – show
no peaks at 0.042 c/d (Fig. 6).
5.2. Orbital solution of HD 3167 b
We performed a Keplerian fit of the FIES, HARPS,
and HARPS-N RV data following the floating chunk off-
set (FCO) method described in Hatzes et al. (2011). The
FCO method exploits the reasonable assumption that,
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for ultra-short period planets, RV measurements taken
on a single night mainly reflect the orbital motion of the
planet rather than other, longer period phenomena such
as stellar rotation, magnetic activity, and additional
planets. If we can sample a sufficient time segment of
the Keplerian curve, then these nightly “chunks” can
be shifted until the best fit to the orbital motion is
found. This method was successfully used to determine
the mass of the ultra-short period planets CoRoT-7b
(Hatzes et al. 2011) and Kepler-78b (Hatzes 2014).
The ultra-short period planet HD 3167 b is well suited
for application of the FCO method. This technique is
particularly effective at filtering out the RV jitter due to
activity. The star has an estimated rotation period of
about 23.5 days (§ 4.3), which is longer than the orbital
period of HD 3167 b. Although HD 3167 is a relatively
inactive star, the FCO method helps in filtering out even
a small amount of activity. HD 3167 c has an orbital pe-
riod of about 29.95 days, which results in a change of
less than 0.01 in phase within the nightly visibility win-
dow of the target (∼5-6 hours). The RV of the star due
to the outer transiting planet does not change signifi-
cantly during an observing night. Moreover, each of the
three data sets has its own zero-point offset, which is
naturally taken into account by the method. Finally,
the FCO technique also removes – or at least greatly
minimizes – any long term systematic errors, such as
the night-to-night RV drifts of FIES (§ 3).
We modeled the FIES, HARPS and HARPS-N RV
measurements with our code pyaneti (Barraga´n et al.
2016), a MCMC-based software suite that explores the
parameter space using the ensemble sampler with the
affine invariance algorithm (Goodman & Weare 2010).
Following Hatzes et al. (2011), we divided the RVs into
three subsets of nightly measurements – one per in-
strument – and analyzed only those radial velocities
for which multiple measurements were acquired on the
same night, leading to a total of 12, 15, and 11 chunks
of nightly FIES, HARPS, and HARPS-N RVs, respec-
tively. The best fitting orbital solution of HD 3167 b
was found keeping period and transit ephemeris fixed
to the values derived by our joint analysis described in
§ 5.3, but allowing the RV semi-amplitude variation Kb
and the 38 nightly offsets to vary. We also fitted for√
eb sinω?,b and
√
eb cosω?,b, where eb is the eccen-
tricity and ω?,b is the argument of periastron of the star
(Ford 2006). We adopted uniform uninformative pri-
ors within a wide range for each parameter and ran 500
independent Markov chains. The burn-in phase was per-
formed with 25000 iterations using a thin factor of 50,
leading to a posterior distribution of 250000 indepen-
dent data points for each fitted parameter. The final
estimates and their 1-σ uncertainties were taken as the
median and the 68 % of the credible interval of the pos-
Figure 5. Upper panel : FIES (triangles), HARPS (circles),
and HARPS-N (squares) RV measurements and circular or-
bital solution of HD 3167 b (solid line) derived using the FCO
method. Different colors represent measurements for differ-
ent observing nights. Lower panel : Residuals to the circular
model.
terior distributions.
We obtained a best fitting non-zero eccentricity of
eb = 0.112±0.024. We also fitted the RV data assuming
a circular orbit (
√
eb sinω?,b =
√
eb cosω?,b = 0). Fig-
ure 5 displays our FIES, HARPS, and HARPS-N mea-
surements along with the best fitting circular (thick line)
and eccentric model (dashed line). Different symbols
refers to different instrument, whereas different colors
represent different nights. We note that the best fitting
eccentric solution might be driven by the uneven distri-
bution of data points along the RV curve (Fig. 5). In
order to asses the significance of our result we created
105 sets of synthetic RVs that sample the best fitting
circular solution at the epochs of our real observations.
We added Gaussian noise at the same level of our mea-
surements and fitted the simulated data allowing for
an eccentric solution. We found that there is a ∼7 %
probability that the best fitting eccentric solution could
have arisen by chance if the orbit were actually circular.
As this is above the 5 % significance level suggested by
Lucy & Sweeney (1971), we decided to conservatively
assume a circular model. We found a radial veloc-
ity semi-amplitude variation of Kb = 3.82± 0.42 m s−1
which translates into a mass of Mb = 5.40± 0.60M⊕ for
HD 3167 b. We note that the eccentric solution provides
a planetary mass that is consistent within 1-σ with the
result from the circular model.
5.3. Transit and RV joint analysis
We performed a joint modeling of the K2 and RV
measurements with pyaneti. The photometric data in-
cludes 6 and 15 hours of K2 data-points centered around
each transit of HD 3167 b and c. We detrended the seg-
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ments using the program exotrending10. Briefly, we fit-
ted a second order polynomial to the out-of-transit data
and removed outliers using a 3-sigma-clipping algorithm
applied to the residuals of the preliminary best fitting
transit models derived using the formalism of Mandel &
Agol (2002) coupled to a non-linear least square fitting
procedure. As for the RV data sets, we used only the
HARPS and HARPS-N measurements because of the
long-term instability of the FIES spectrograph (§ 3).
We modeled the RV data with two Keplerian signals
and fitted the transit light curves using the Mandel &
Agol (2002)’s model with a quadratic limb darkening
law. To account for the K2 long cadence data, we in-
tegrated the transit models over 10 steps. We adopted
the same Gaussian likelihood as defined in Barraga´n et
al. (2016). For each planet i we fitted for the orbital
period Pi, time of first transit T0,i, scaled semi-major
axis ai/R?, impact parameter bi, planet-to-star radius
ratio Ri/R?, and RV semi-amplitude variation Ki. We
assumed a circular orbit for the inner planet and fitted
for
√
ec sinω?,c and
√
ec cosω?,c for the outer planet.
The 30-minute integration time of K2 smears out the
shape of planetary transits increasing the degeneracy
between the scaled semi-major axis a/R? and the impact
parameter b (Csizmadia et al. 2011). We therefore set
Gaussian priors for the stellar mass and radius using
the values derived in § 4.2 and constrained ai/R? of both
planets from their orbital periods through Kepler’s third
law.
We explored the parameter space with 500 indepen-
dent chains created from random priors for each param-
eter, as listed in the second column of Table 3. The
convergence of the MCMC chains was checked with the
Gelman-Rubin statistic. Once all chains converged, we
ran 25000 more iterations with a thin factor of 50. This
led to a posterior distribution of 250000 independent
points for each fitted parameter.
The two-planet model provides a poor fit to the
HARPS and HARPS-N measurements with a RV χ2 of
597 and χ2/dof = 8.7, suggesting that additional signals
might be present in the data, as discussed in the next
section.
5.4. Frequency analysis of the RV residuals
After fitting the two transiting planets, we in-
spected the RV residuals to look for additional sig-
nals in the Doppler data. The upper panel of Fig. 6
shows the GLS periodogram of the RV residuals
(thick black line). There are 3 significant peaks at
f1=0.094 c/d (P1=10.7 d), f2=0.119 c/d (P2=8.4 d),
and f3=0.167 c/d (P3=6.0 d). We assessed their FAP
10 Available at https://github.com/oscaribv/exotrending.
Figure 6. Top panel : GLS periodograms of the HARPS
and HARPS-N RV residuals. The vertical dashed blue
lines mark the frequencies f1=0.094 c/d, f2=0.119 c/d, and
f3=0.167 c/d whose FAP is less than 10
−4, as derived using a
bootstrap randomization procedure. Middle-panel : Discrete
Fourier transform of the HARPS and HARPS-N RV residu-
als. The dotted red line marks the window function shifted
to the right by f1=0.094 c/d and mirrored to the left of this
frequency. Lower panel : Window function. The red arrows
mark the two peaks presented in the main text.
following the Monte Carlo bootstrap method described
in Ku¨rster et al. (1997). We computed the GLS peri-
odograms of 104 fake data sets obtained by randomly
shuffling the RV measurements, keeping the observation
time-stamps fixed. The FAP is defined as the fraction
of those periodograms whose highest power exceeds the
power spectrum of the original observed data at any fre-
quency. We found no false positives out of our 104 trials,
implying that f1, f2, f3 have a FAP lower than 10
−4.
As a sanity check, we employed the program Period04
(Lenz & Breger 2004) to calculate the discrete Fourier
transform (DFT) of the RV residuals. We used the
pre-whitening technique (see, e.g., Hatzes et al. 2010)
to subsequently identify significant peaks in the power
spectrum and remove the corresponding signal from the
data. Briefly, we performed a least squares sine-fit to
the amplitude and phase at the first dominant frequency
found by the DFT and subtracted the fit from the time
series. We then reiterated the process to identify and
subtract the next dominant Fourier component. The it-
eration was stopped once we reached the level of the
noise. We regarded as significant only those signals
whose amplitudes are more than 4 times the Fourier
noise level (Breger et al. 1993). The Fourier fit of the
RV residuals was obtained with only two dominant fre-
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quencies, namely, f1=0.094 c/d and f3=0.167 c/d, with
an amplitude of 1.4 and 1.1 m s−1, respectively.
The periodogram of the sampling pattern - the so-
called “window function” - shows two peaks at 0.025 c/d
(40 d) and 0.039 c/d (25 d). They are highlighted by two
red arrows in the lower panel of Fig. 6. We note that the
beat frequency between f1=0.094 c/d and f2=0.119 c/d
is equal to 0.025 c/d, which corresponds to one of the
two frequencies seen in the window function. This led
us to suspect that f1 and f2 are aliases of one another
and share the same physical origin. We verified this
hypothesis using again the pre-whitening technique. We
performed a least-squares sine-fit to the amplitude and
phase at either f1 or f2, subtracted the best fit from the
RV time series, and recalculated the GLS periodogram
of the new residuals. Regardless of which of the two
signals is fitted and subtracted first, by removing one
of the two we also remove the other, as expected from
alias peaks, confirming our hypothesis. We note that
the subtraction of the signal at either f1 or f2 does not
remove f3=0.167 c/d, which remains significant in the
GLS periodogram of the new residuals.
The middle panel of Fig. 6 shows the DFT of the RV
residuals (thick black line), along with the window func-
tion shifted to the right by f1=0.094 c/d and mirrored
to the left of this frequency (red dotted line). It is evi-
dent that f2, along with most of the side lobes seen to
the right and left of f1, is an alias of the latter related
to the observing window. We conclude that f1 is very
likely the actual periodicity. We also note that f3 is
not an alias of f1, as there is no peak detected in the
“shifted” window function at this frequency, corroborat-
ing our pre-whitening analysis.
To further assess which of the two signals is the actual
periodicity, we performed a least-squares multi-sine fit
to the amplitude and phase at the frequency couples f1,
f3, and f2, f3. We then created synthetic RVs residuals
using the best fitting parameters, added white noise,
sampled the simulated data at the epochs of our real
observations, and calculated the GLS periodograms. We
found that “fake” data sets obtained from the couple
f1, f3 reproduce better the observed periodogram than
the couple f2, f3. This further supports the fact that
the RV residuals contain only two significant signals at
f1=0.094 c/d (P1=10.7 d) and f3=0.167 c/d (P3=6.0 d).
What are the sources of the two signals at 6.0 and 10.7
days detected in the RV residuals? Are they due to ac-
tivity, additional planets, or both? We note that the two
periods are close to the first and third harmonic of the
rotational period of the star (Prot = 23.52± 2.87 days).
This might lead us to suspect that magnetic activity
coupled with stellar rotation is the source of the two ad-
ditional signals. Active regions separated by ∼90 and
∼180 degrees in longitude could account for the two pe-
riodicities. To further investigate this hypothesis, we
calculated the GLS periodograms of the activity indica-
tors – namely, the full width at half-maximum (FWHM)
and bisector span (BIS) of the cross-correlation profile,
and the Ca ii H & K activity index (logR′HK) – but found
no significant peak. We stress, however, that this can-
not be used to exclude that activity is the source of the
observed RV variation. Given the amplitude of the two
signals (1.2 and 1.4 m s−1) and low projected rotational
velocity of the star (1.8±0.4 km s−1), the suppression of
granular blueshift in magnetized regions of the photo-
sphere of HD 3167 is expected to be the source of the
observed “jitter”. Based on observations of the Sun as
a star, Haywood et al. (2016) recently found that the
traditional activity indicators perform poorly in tracing
the RV jitter of slowly rotating stars with low level of
magnetic activity, such as in the case of HD 3167.
We further investigated the nature of the addi-
tional signals detected in the RV residuals using the
stacked Bayesian generalized Lomb-Scargle (BGLS) pe-
riodogram proposed by Mortier & Collier Cameron
(2017). This tool exploits the BGLS algorithm described
in Mortier et al. (2015), which in turn is a Bayesian ver-
sion of the GLS periodogram of Zechmeister & Ku¨rster
(2009). As described in Mortier & Collier Cameron
(2017), the stacked BGLS periodogram relies on the as-
sumption that the power (or probability) of a coherent
RV signal – such as that produced by a bona fide or-
biting planet – is expected to increase by adding more
data points. On the contrary, the RV signal produced
by stellar activity is usually incoherent, since its ampli-
tude, phase, period vary with time, due to the evolution
of active regions, differential rotation, and magnetic cy-
cle. Its significance can thus increases or decreases as
more RV measurements are added to the data set. The
tool calculates the BGLS periodogram for n out of N
RVs (where n ≤ N ), adds the next point, recalculates
the BGLS periodogram, and iterate the process till the
last available measurement.
Figure 7 shows the BGLS periodogram (upper panel)
and the stacked BGLS periodogram (lower panel) of the
HARPS and HARPS-N RV residuals. As expected, the
two dominant peaks at 6.0 and 10.7 days are clearly
visible along with their aliases related to the observing
window. We note that both signals do not seem to show
a steadily increasing power (or probability) as we would
expect from signals arising from presence of planets. Is
this enough to claim that the two periodic signals are
due to activity? Following Johnson et al. (2016), we
created a data set of synthetic RV residuals containing
two sinusoidal signals at the same period, phase, and
amplitude as the observed data. We added Gaussian
noise and sampled the simulated RVs at the time stamps
of our observations.
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Figure 7. Stacked BGLS periodogram of the HARPS and
HARPS-N RV residuals.
The BGLS periodogram and stacked BGLS peri-
odogram of the synthetic data are shown in Fig. 8.
As is evident from a visual inspection, Fig. 7 and 8
share roughly the same peaks and a similar pattern.
None of the two simulated coherent signals shows a
steadily increasing power. Given the data, this simula-
tion proves that our sampling of two truly coherent sig-
nals at 6.0 and 10.7 days can mimic the trend expected
from activity-induced RV variation in the stacked BGLS
periodogram.
We conclude that, although we found evidence that
there are two additional signals with periods of 6.0 and
10.7 days in the HARPS and HARPS-N measurements,
the sampling of our observations, as well as the limited
number of RVs and their noise level do not allow us to
assess whether the two signals are due to activity, or are
rather induced by two additional orbiting planets. We
thus include the two signals in our analysis but warn the
reader that more observations are needed to unveil their
true nature.
6. RESULTS
We used the code pyaneti to perform the final joint
modeling of the K2 and RV measurements. We fitted
the transit and RV curves of HD 3167 b and c following
the guidelines presented in § 5.3, and incorporated the
modeling of the two additional RV signals at 6.0 and
10.7 days using two sinusoidal curves. We set uniform
priors for the periods of the two additional signals – us-
ing a 2-day range centered around the values found by
the frequency analysis presented in § 5.4 – and adopted
uninformative priors over a wide range for the corre-
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Figure 8. Stacked BGLS periodogram of the simulated RV
residuals.
sponding phases and amplitudes. To account for addi-
tional instrumental noise not accounted by the nominal
RV error bars and/or imperfect treatment of the vari-
ous sources of RV variations (e.g., stellar activity and/or
additional planets), we added jitter terms to the equa-
tion of the likelihood for the HARPS and HARPS-N RV
data following the method described in Dumusque et al.
(2014).
We report our results in Table 4. The parameter esti-
mates and their error bars were taken to be the median
and the 68 % credible interval of the final posterior prob-
ability distribution of each parameter. Fig. 9 shows the
K2 transit light curves and best fitting transit models,
as well as the HARPS and HARPS-N RVs and best fit-
ting Keplerian models of HD 3167 b and c. The RV fits
to the two additional signals at 6.0 and 10.7 days are
shown in Fig. 10.
The mass of HD 3167 b is in very good agree-
ment with the value we derived using the FCO
method corroborating our analysis (cfr. § 5.2). Sim-
ilarly, the RV offset between HARPS and HARPS-N
(∆ RV(HS−HN) = 8.3± 0.2 m s−1) agrees with the value
presented in § 5.1 (∆ RV(HS−HN) = 8.0± 0.5 m s−1). Fi-
nally, our values of the planetary radii agree within less
than 1-σ with those found by Vanderburg et al. (2016).
Does the inclusion of the 6.0 and 10.7-day signals bias
the mass determinations of HD 3167 b and HD 3167 c ?
A two-planet model fit that included only planet
b and c gives RV semi-amplitude variations of
Kb = 3.74± 0.39 m s−1 and Kc = 2.29± 0.45 m s−1, re-
spectively. By adding only the 10.7-day signal we get
Kb =4.06± 0.37 m s−1 and Kc =2.04± 0.43 m s−1. By
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Figure 9. Transit light curves and RV curves of HD 3167 b (upper panels) and HD 3167 c (lower panels). The best fitting
transit and Keplerian models are overplotted with thick black lines. The K2 data points are shown with red circles (left panels).
The HARPS and HARPS-N RV measurements are plotted with red circles and blue diamonds, respectively, along with their
nominal uncertainties (right panels).
adding both the 10.7-day and the 6.0-day signal we
obtain Kb = 4.02± 0.31 m s−1 and Kc = 1.88+0.40−0.42 m s−1,
proving that the RV semi-amplitude variations – and
thus the determination of the planetary masses of
HD 3167 b and HD 3167 c – are not significantly affected
by the inclusion of the two additional signals.
7. DISCUSSION AND SUMMARY
The ultra-short period planet HD 3167 b has a
mass of Mb=5.69 ± 0.44 M⊕ and a radius of
Rb=1.574 ± 0.054 R⊕, yielding a mean density of
ρb=8.00
+1.10
−0.98 g cm
−3. Figure 11 displays the position
of HD 3167 b on the mass-radius diagram compared to
the sub-sample of small transiting planets (R ≤ 4 R⊕)
whose masses and radii have been derived with a preci-
sion better than 20 %. Theoretical models from Zeng et
al. (2016) are overplotted using different lines and col-
ors. The precision of our mass determination (14 %) al-
lows us to conclude that HD 3167 b is a rocky terrestrial
planet with a composition consisting of ∼50 % silicate
and ∼50% iron.
HD 3167 b adds to the sample of low-mass, close-in
planets with a RV-determined mass and a bulk density
suggestive of a mostly rocky composition. Planets be-
longing to this sample have a restricted Jeans escape
parameter Λ . 20 (Table 3). This parameter, defined as
Λ =
GMplmH
kBTeqRpl
, (1)
has been introduced by Fossati et al. (2017) who found
that the hydrogen-dominated atmospheres of exoplanets
with Λ . 20 lie in the “boil-off” regime (Owen & Wu
2016; Cubillos et al. 2017), where the escape is driven
by the atmospheric thermal energy and low planetary
gravity. Fossati et al. (2017) also found that the at-
mosphere of hot (Teq& 1000 K), low-mass (Mp. 5M⊕)
planets with Λ . 20 shrinks to smaller radii so that their
atmosphere evolves out of the “boil-off” regime in less
than about 500 Myr.
Because of the very large escape rates after the
dispersal of the proto-planetary disc, planets such as
HD 3167 b have lost quickly (within a few hundreds Myr)
their primary hydrogen-dominated atmosphere, as sup-
ported, e.g., by the non-detection of a hydrogen ex-
osphere around the ultra-short period planet 55 Cnc e
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RV signal at 10.7 d
RV signal at 6 d
Figure 10. Radial velocity curves of the two signals at 10.7
days (upper panel) and 6.0 days (lower panel) and best-
fitting models. The HARPS and HARPS-N RV measure-
ments are plotted with red circles and blue diamonds, re-
spectively, along with their nominal uncertainties.
(Ehrenreich et al. 2012). We remark that this fast es-
cape is not driven by the high-energy stellar flux, but
by the high temperature of the lower atmosphere and
low planetary gravity. This implies that these plan-
ets subsequently developed a secondary, possibly CO2-
dominated, atmosphere while the host star was still
young and hence active. This led to the fast escape –
this time instead driven by the high-energy stellar flux
– also of the secondary atmosphere (Kulikov et al. 2006;
Tian 2009), leaving behind the strongly irradiated rocky
surface. It is therefore foreseeable that the high sur-
face temperature led then to the formation of magma
oceans on the day side (Miguel et al. 2011; Demory et
al. 2016), which out-gases and sputters minerals, form-
ing a tenuous atmosphere not too dissimilar from that
of Mercury (e.g. Pfleger et al. 2015). Over time lighter
elements escape from the atmosphere, leaving behind a
possibly extended exosphere composed mostly by heavy
refractory elements that could be detected in transit at
ultraviolet and optical wavelengths. This picture would
be reinforced if the orbit of HD 3167 b had a non-zero
eccentricity, as this would lead to tidal heating and thus
Table 3. Low-mass (M . 8.4M⊕) planets with RV-
determined masses, Λ. 20, and bulk densities suggestive of
a mostly rocky composition (mean density ρp > 4 g cm
−3).
Except for HD 3167 b, all values are taken from Cubillos et
al. (2017).
Planet Λ ρp
g cm−3
55 Cnc e 15.6 5.14
CoRoT-7 b 15.6 7.97
GJ 1132 b 18.4 5.79
HD 219134 b 20.6 5.94
Kepler-10 b 8.9 6.31
Kepler-78 b 5.5 6.43
Kepler-93 b 18.1 6.82
Kepler-97 b 12.3 5.93
HD 3167 b 15.6 8.00
to a more extended magma ocean. The detection of the
exosphere would then enable for the first time the study
of the mineralogy of a rocky planet orbiting a star other
than the Sun.
With a mass of Mc=8.33
+1.79
−1.85 M⊕ and a radius of
Rc=2.740
+0.106
−0.100 R⊕ the outer planet HD 3167 c has a
mean density of ρb=2.21
+0.56
−0.53 g cm
−3, which is consis-
tent with a composition comprising a solid core sur-
rounded by a thick atmosphere. HD 3167 c joins the
small group of low-density mini-Neptunes with precise
mass and radius determinations (Fig. 11).
HD 3167 c is expected to have a completely different
nature with respect to the inner planet b. Despite the
lack of mass measurements, Vanderburg et al. (2016)
noticed that HD 3167 c may be a primary target for
transmission spectroscopy. The rather large pressure
scale height of about 350 km and the brightness of the
host star (V=8.9 mag) make HD 3167 c an ideal target
for transmission spectroscopy observations across a wide
range of wavelengths, from the far-ultraviolet to the in-
frared. One can expect the planet to have a rather large
hydrogen-rich cloud made of gas escaping from the plan-
etary upper atmosphere under the effect of the high-
energy stellar radiation, similarly to GJ 436 b (Kulow et
al. 2014; Ehrenreich et al. 2015). This cloud would be
detectable at Lyα during primary transit. Such obser-
vations would then provide us with crucial information
about the properties of the upper planetary atmosphere
and its environment (e.g., stellar wind density and veloc-
ity). Observations at longer wavelengths would instead
give us the opportunity to study the lower atmosphere
and infer its chemical composition and physical proper-
ties. HD 3167 c appears to be one of the best candidates
to investigate the atmosphere of a low-mass planet.
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Figure 11. Mass-radius diagram for well-characterized (5-σ precision level or better) super-Earths and Neptunes. From bottom
to top, the solid curves are theoretical models (Zeng et al. 2016) for planets with a composition of 100% iron (brown), 50% silicate
and 50% iron (dashed red), 100% silicate (beige), 50% silicate and 50% water (dashed blue), water (light blue). HD 3167 b &
HD 3167 c are highlighted with different symbols and colors.
We found evidence for two additional signals with pe-
riods of 6.0 and 10.7 days in the HARPS and HARPS-N
data. The respective RV semi-amplitude variations are
1.34+0.27−0.28 m s
−1 and 1.26 ± 0.25 m s−1. If the signals
were caused by two additional orbiting planets, their
minimum masses would be 4.24+0.87−0.89 M⊕ and 3.28±0.65
M⊕, respectively. According to the forecasting model of
Chen & Kipping (2017), the two putative planets would
have radii of ∼1.9 and 1.5R⊕, implying that K2 would
have likely detected their transits if the two planets were
transiting HD 3167. We searched the light curve for ad-
ditional transit signals using the DST code of Cabrera et
al. (2012), but found none. The null detection of the
transits of the two putative additional planets requires
that their orbits are inclined by at least 2-3 degrees rel-
ative to the orbits of planet b and c. Although a dy-
namical N-body simulation carried out with mercury6
(Chambers 1999) shows that such a compact planetary
system would be stable for at least 107 years, we stress
again that our current data set does not allow us to
assess whether the two signals are due planets and/or
activity. Additional RV observations are needed to un-
veil the real nature of the two signals.
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Table 4. System parameters.
Parameter Priora Value
Model Parameters for HD3167 b
Orbital period Porb (day) U [0.9596, 0.9598] 0.959632± 0.000015
Transit epoch T0 (BJDTDB−2 450 000) U [7394.3675, 7394.3763] 7394.37442+0.00060−0.00055
Scaled semi-major axis a/R? N [4.74, 0.18] 4.516+0.076−0.085
Scaled planet radius Rp/R? U [0, 0.5] 0.01728± 0.00025
Impact parameter, b U [0, 1] 0.11+0.11−0.08
Radial velocity semi-amplitude variation K (m s−1) U [0, 100] 4.02± 0.31
√
e sinω F [0] 0
√
e cosω F [0] 0
Derived Parameters for HD3167 b
Planet mass Mp (M⊕) · · · 5.69± 0.44
Planet radius Rp (R⊕) · · · 1.574± 0.054
Mean density ρb (g cm
−3) · · · 8.00+1.10−0.98
Eccentricity e · · · 0 (fixed)
Semi-major axis of the planetary orbit a (AU) · · · 0.01752± 0.00063
Orbit inclination ip (
◦) · · · 88.6+1.0−1.4
Transit duration τ14 (hours) · · · 1.65± 0.03
Equilibrium temperature(b) Teq (K) · · · 1759± 20
Model Parameters for HD3167 c
Orbital period Porb (day) U [29.8508, 29.8532] 29.84622+0.00098−0.00091
Transit epoch T0 (BJDTDB−2 450 000) U [7394.9763, 7394.9787] 7394.97831± 0.00085
Scaled semi-major axis a/R? N [46.3, 1.4] 46.5± 1.5
Scaled planet radius Rp/R? U [0, 0.5] 0.03006+0.00065−0.00055
Impact parameter, b U [0, 1] 0.30+0.11−0.18
Radial velocity semi-amplitude variation K (m s−1) U [0, 100] 1.88+0.40−0.42√
e sinω U [−1, 1] 0.00+0.17−0.24√
e cosω U [−1, 1] 0.06+0.16−0.17
Derived Parameters for HD3167 c
Planet mass Mp (M⊕) · · · 8.33+1.79−1.85
Planet radius Rp (R⊕) · · · 2.740+0.106−0.100
Mean density ρc (g cm
−3) · · · 2.21+0.56−0.53
Eccentricity e · · · 0.05+0.07−0.04
Argument of periastron w? · · · 178+134−136
Semi-major axis of the planetary orbit a (AU) · · · 0.1806± 0.0080
Orbit inclination ip (
◦) · · · 89.6± 0.2
Transit duration τ14 (hours) · · · 4.81+0.17−0.09
Equilibrium temperature(b) Teq (K) · · · 548± 10
Signal with period of 10.7 days
Period Porb (days) U [9.4, 12.0] 10.77+0.15−0.13
Radial velocity semi-amplitude variation K (m s−1) U [0, 100] 1.34+0.27−0.28
Signal with period of 6.0 days
Period Porb (days) U [5.4, 6.5] 5.967+0.038−0.035
Radial velocity semi-amplitude variation K (m s−1) U [0, 100] 1.26± 0.25
Other Parameters
Systemic velocity γHARPS (km s
−1) U [19.4183, 19.6317] 19.52311± 0.00029
Systemic velocity γHARPS−N (km s−1) U [19.4086, 19.6197] 19.51471± 0.00036
RV jitter term σHARPS (m s
−1) U [0, 10] 1.44+0.24−0.21
RV jitter term σHARPS−N (m s−1) U [0, 10] 0.95+0.24−0.20
Parameterized limb-darkening coefficient q1 U [0, 1] 0.34+0.26−0.15
Parameterized limb-darkening coefficient q2 U [0, 1] 0.47+0.29−0.22
Linear limb-darkening coefficient u1 · · · 0.54+0.15−0.17
Quadratic limb-darkening coefficient u2 · · · 0.04+0.35−0.27
aU [a, b] refers to uniform priors between a and b, N [a, b] to Gaussian priors with mean a and standard deviation b, and F [a] to a fixed a value.
b Assuming zero albedo.
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Table 5. FIES, HARPS, HARPS-N radial velocity measurements and activity indicators of HD 3167.
BJDTDB RV σRV CCF BIS CCF FWHM logR
′
HK σlog R′HK S/N per pixel
−2 450 000 (km s−1) (km s−1) (km s−1) (km s−1) (dex) (dex) @ 5500 A˚
FIES
7598.642079 0.0041 0.0024 - - - - 89.2
7598.722300 -0.0016 0.0022 - - - - 94.3
7599.670737 0.0074 0.0022 - - - - 90.2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HARPS
7588.842030 19.5257 0.0009 -0.0300 6.7842 -5.025 0.011 82.3
7589.816345 19.5296 0.0007 -0.0279 6.7825 -5.043 0.007 99.2
7610.758334 19.5197 0.0007 -0.0281 6.7784 -5.075 0.009 96.9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HARPS-N
7585.641845 19.5086 0.0006 -0.0362 6.7152 -5.023 0.006 113.4
7587.717619 19.5118 0.0008 -0.0377 6.7123 -5.041 0.008 92.7
7606.603934 19.5119 0.0007 -0.0401 6.7100 -5.045 0.007 106.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The entire RV data set is available in a machine-readable table in the on-line journal.
